Darwin's model of evolution by natural selection was based on his observations of change in discrete organisms in which individuals are easy to define. Many of the most abundant functional groups in ecosystems, such as fungi and bacteria, do not fit this paradigm. In this review, we seek to understand how the elegant logic of Darwinian natural selection can be applied to distributed clonal organisms. The arbuscular mycorrhizal (AM) fungi are one such group. Globally, they are ubiquitous in terrestrial ecosystems, are locally distributed among many host plant species, and are significant drivers of nutrient cycling in ecosystems. The AM fungi are intractable to study, as the few taxa that can be cultured cannot be grown in the absence of plant roots. Research has focused on the plant-fungus interface, and thus on the symbiotic phenotype. A model is discussed for the interchange of materials at the interface that throws the emphasis of research onto the behaviour of the individual organisms and removes the need to test for phenomena such as selectivity, co-evolution, and cheating. The AM fungi are distributed organisms with an extensive external mycelium that is likely to be under strong environmental selection. AM fungi show sufficient phenotypic variation and fitness differentials for selection to occur, and developments in genetic analyses suggest that a better understanding of heritability in these organisms is not far away. It is argued that direct selection on fungal traits related to their survival and performance in the soil independent of the host is likely to be the major driver of differentiation in the AM fungi, and the evidence for direct fungal responses to soil conditions such as pH, hypoxia, and temperature is reviewed.
Introduction
Charles Darwin's works on climbing plants (Darwin 1865) , earthworms (Darwin 1881) , and barnacles (Darwin 1851 (Darwin , 1854 are meticulously observed studies on the adaptations of plants and animals. Modern studies may use more precise experimental design and more sophisticated analytical methods, but essentially the same question is still being asked by evolutionary biologists: how does an organism survive in a particular environment, and to what extent is it fitter than another? Darwin chose organisms that were easily observed, but these are also those that fit our notion of what an organism should be: discrete, sexually reproducing individuals, with fixed numbers of body parts. Not all organisms fit this unitary paradigm: many have a modular construction, including plants, microbes, and many animals such as Bryozoa. Plants have more complex life cycles and life histories than most unitary organisms, showing reproduction and proliferation across the spectrum from clonal spread and apomixis to hermaphrodite or dioecious sexual reproduction.
Few microbes fit the paradigm of the discrete, genetically distinct individual. All are clonal, and they may be distributed over large areas. Fungal mycelia are often cited as the largest known organisms: genotypes of Armillaria have been found spreading over areas as large as 9 km 2 (Smith et al., 1992; Ferguson et al., 2003) . Fragmentation, anastomosis, and compatibility groups make these networks dynamic and, so far, unpredictable. Bacteria are largely clonal, but genetic information is often transmitted and acquired by horizontal transmission, and the co-operation among cells of the sexual dictyostelid slime moulds appears to blur the distinction between individuals, colonies, and multicellular organisms (Sachs, 2008; Fraser et al., 2009) .
In order to approach measuring natural selection in such clonal, spatially distributed, non-standard organisms, it is useful to restate the logic that now defines Darwin's concept. Evolution by natural selection has a simple logic that follows if three properties are observed in a population: (i) phenotypic trait variation; (ii) differential fitness of those variants; and (iii) heritability of those variants.
Variation in phenotype is essential, otherwise there is nothing for selection to act on. If there is differential fitness but no heritability, then there will be selection, but not evolution, as variation is not transmitted reliably through the generations. If there is heritability but not differential fitness, then the genotypes will be subject to evolution, but by other processes, e.g. genetic drift (Endler, 1986) .
How does this concept apply to complex, clonal, distributed organisms? Modern biology has allowed the process of evolution by natural selection to be observed in exquisite detail in microbes, for example in the evolution of citrate metabolism in Escherichia coli (Blount et al., 2008) , but only in culture. The microbial ecologist in contrast, intent on discovering the processes that have generated the astonishing diversity of microorganisms, faces the problem of measuring the survival of different phenotypes in organisms that are easy neither to define nor to observe, either in situ or in laboratory culture. Fitness therefore becomes an elusive concept (Pringle and Taylor, 2002) . This review addresses that question by examining how evolution by natural selection can be studied in one of the most widespread and ecologically significant groups of fungi.
The arbuscular mycorrhizal fungi
Mycorrhizas are ubiquitous in terrestrial ecosystems. Around 80% of plant species that have been studied form the symbiosis (and 92% of plant families; Wang and Qiu, 2006) , but this number is biased by a focus in published work on crop plant species which are typically annuals of disturbed ground, a habitat that does not favour the association (Peat and Fitter, 1993) ; the true figure is probably ;90% (Fitter and Moyersoen, 1996) . There are several different types of mycorrhiza, in which different plant and fungal taxa are involved (Table 1) , but the arbuscular mycorrhizas (AMs), an association between fungi in the Phylum Glomeromycota and around two-thirds of plant species, is both the most widespread and ancestral: all modern plants have ancestors that formed AM symbioses. The only plant species known to be unable to grow at all in the absence of mycorrhizal symbionts are orchids (which do not form AMs) and achlorophyllous species, now referred to as mycoheterotrophic, e.g. Voyria (Bidartondo et al., 2002) and Afrothismia (Merckx and Bidartondo, 2008) that both form AMs: these taxa are distinct from non-green parasitic plants (such as broomrapes Orobanche) in that they parasitize plants via the mycorrhiza (Leake, 1994) . This review focuses on the AM.
The AM fungi are an interesting case: like other fungi they are distributed organisms with apparently widespread mycelial networks, but no sexual stage has been identified in any species in the phylum, they cannot easily be observed or located in situ as they have no conspicuous above-ground fruiting body, and they cannot yet be grown in axenic culture in the absence of plant roots. They colonize plant roots, which are their only source of fixed carbon compounds; because the effect of this colonization on their Table 1 . Summary of main characters of mycorrhizal associations (adapted from Fitter and Moyersoen, 1996 ; updated by Smith and Read, 2008) plant host can be measured, and because plant growth is a familiar and important variable to many biologists, most studies have therefore focused on this plant growth response, to the extent that this proxy measurement of fungal behaviour has become almost axiomatic in AM research. Consequently little attempt has been made to examine the survival or evolution by natural selection of the fungus purely in terms of fungal phenotypes and their underlying biology in the field (but see Koch et al., 2004; Croll et al., 2008a, b; Croll and Sanders, 2009 , for in vitro studies). The AM symbiosis is distinctive in that it is obligate for the fungus but in most cases facultative for the plant. The fungus acquires carbon from the plant, via the intraradical mycelium, and there are a variety of effects on the plant host as a result. The most prominent of these is increased phosphate uptake: the phosphate ion is very poorly mobile in most soils, thanks to its tendency to absorb strongly to surfaces populated by the dominant soil cations (Fe 3+ , Al 3+ , Ca 2+ , etc.). Consequently, as they take up phosphate ions from soil, roots rapidly become surrounded by a zone of soil, which may be several millimetres in diameter, in which phosphate concentration is severely depleted, and then the rate of uptake is simply a function of the very slow rate of diffusion of phosphate ions through soil (Tinker and Nye, 2000) . In a mycorrhizal root, the fungal hyphae can cross this depletion zone and acquire phosphate from undepleted soil which is then transported back to the root in the mycelium and transferred to the plant at the membrane surrounding the arbuscule (Bago et al., 2002) , the highly branched haustorium-like structure from which the symbiosis takes its name (Fig. 1) . Because the fungal hyphae are finer than roots by at least an order of magnitude, the costs to a plant of acquiring phosphate symbiotically will always be very much lower than those of doing so by new root growth.
Many mycorrhizal plants therefore experience a higher rate of P uptake when mycorrhizal than when nonmycorrhizal, and this is true of other types of mycorrhiza too. Even in cases where P uptake is not enhanced, the bulk of plant P may be taken up via the symbiosis, with the plant P transporters suppressed (Smith et al., 2009) . AM fungi can enhance plant N capture too (Hodge et al., 2001; Leigh et al., 2009) , but evidence to date suggests that this may be a more significant feature of other mycorrhizal types (Table 1) . Being mycorrhizal confers numerous other attributes on plants: they may have increased uptake of micronutrients, especially those that are immobile in soil such as zinc (Marschner and Dell, 1994) ; greater resistance to fungal pathogens (Newsham et al., 1995) ; greater resistance to water deficits, probably because the hyphae bind roots effectively to soil and maintain pathways of water movement in drying soil (Marulanda et al., 2003; Augé et al., 2004) ; altered susceptibility to herbivores (Gange et al., 2003) ; earlier flowering (Sun et al., 2008) ; and doubtless other alterations yet to be discovered.
If the most common effect of colonization by an AM fungus on a plant host is an increase in phosphate uptake, it is also likely that this was the original 'benefit' that plants acquired from the symbiosis, since, when it evolved (probably in the Ordovician; Remy et al., 1994; Redecker et al., 2000) , contemporary plants possessed no roots and would have been almost wholly unable to forage in soil for phosphate. If it is assumed then that the typical basis of the symbiosis is transfer of phosphate from fungus to plant and of carbon compounds from plant to fungus, it would be easy to envisage that as a coupled exchange process. However, such coupling may not exist: while there is good evidence that phosphate transfer occurs at the arbuscular interface, it is not known where (or how) carbon transfer occurs, although there is some evidence that it is in the intercellular hyphae (Gianinazi-Pearson et al., 1994) . The absence of evidence is often uncertain ground on which to build, but in this case that absence is not for want of searching.
If the sites of C and P transfer are spatially separated or at least not necessarily co-located, it is unlikely that there is an exchange process. An alternative, and simpler, hypothesis is that the fungi have evolved to exploit existing processes of carbon movement in plants (Fitter, 2006) . The proposal is as follows:
(i) AM fungi actively transport phosphate across the arbuscular membrane and it is actively taken up by the plant peri-arbuscular membrane.
(ii) This transport creates a locally enhanced P supply in the root, and the plant responds by transporting hexoses to the site, which are needed for utilizing the phosphate. This enhanced local flux of carbon compounds is what must occur when the root encounters a local patch of phosphate in soil, since roots respond to such heterogeneity by the local proliferation of roots in a tightly controlled manner (Wiliamson et al., 2001; Linkohr et al., 2002) . It is parsimonious to assume that the plant cannot distinguish between phosphate ions provided by the arbuscule and those that it has itself acquired from the soil. (iii) The fungus acquires hexose by scavenging from the apoplast which is occupied by the intercellular hyphae. A prediction of the hypothesis is that the fungal hexose transporter has a greater capacity and lower K m than the plant cortical cell transporter, ensuring preferential flux of sugars to the fungus. It is also feasible that fungal transfer of N to the plant, which can be substantial (Leigh et al., 2009) , produces the same local C flux.
(iv) There will always be a low background concentration of hexoses in the apoplast, but this will be enhanced when the plant directs carbon flux to local sites of enhanced P acquisition, by whatever route that is achieved. When the fungus supplies phosphate and hence creates an enhanced local supply of hexose, the concentration in the apoplast will increase, and hence the flux to the fungus will increase. This proposal has profound implications for an evolutionary approach to the AM symbiosis, since the fungus can only generate a substantial flux of hexose by supplying phosphate: in essence, the fungus must 'pay in advance', which makes it very difficult for a fungus to cheat the plant directly. It also removes the need for the widespread assumption that plants control the symbiosis and must have mechanisms by which they can sanction cheating fungi that provide no benefit to them (Kiers and van der Heijden, 2006) . Colonization tends to be low when P availability is high (Miller et al., 1995) , which has been interpreted as plant control of the symbiosis. The new model suggests an alternative explanation: at high P availability, the plant would be less likely to respond to (or even possibly to be able to recognize) a locally enhanced P flux at a site in the root system, since the P concentration in the root will be higher. If the fungus continues to supply phosphate to the plant under these circumstances-and it is known that this can occur (Smith et al., 2009 )-then it will only be able to capture carbon from the background level that exists in the apoplast at all times, and it is more likely to reduce its growth in that piece of root and use resources to grow elsewhere. Again it is known that the fungi do respond in this way: in the Medicago truncatula Gaertn. MtPt2 mutant, which does not express the peri-arbuscular P transporter that would allow it to take up (and so recognize the supply of) phosphate from the arbuscule, the fungus colonizes the roots and produces a few arbuscules, but then these abort and colonization declines (Javot et al., 2007) . Indeed, the novel finding that AM fungal colonization of a root may result in the almost complete suppression of the plant's own epidermal P uptake system (Smith et al., 2009 ) is also best interpreted in this light: if the fungus is to stimulate the plant to supply hexose, it needs to reduce the background P concentration that would otherwise be raised by plant P uptake.
This model allows the reconsideration of natural selection in the AM fungal mutualism. It is conceptually more satisfying in that the focus turns away from the fitness of the mutualistic interaction-the symbiosis-and on to the individual organisms (plant and fungus) involved. Despite the complexity of the mutualism, this is much closer to Darwin's philosophy and to our understanding of natural selection as a force that acts on individual organisms. We need, therefore, to ask what evidence there is that the AM fungi satisfy the three conditions necessary to be under selection?
Phenotypic variation in the arbuscular mycorrhizal fungi
To date, there are ;210 described morphospecies of AM fungi, with descriptions based on spore morphology but increasingly supported by DNA sequence information. However, spore morphology offers rather few characters to discriminate amongst taxa, and molecular techniques imply great cryptic diversity (Ö pik et al., 2006) . Even where spore characters appear to provide a robust measure of taxonomic distance, the difficulty of quantifying AM diversity using traditional techniques is illustrated by the reclassifica- , 2007) . The use of DNA sequencing methods has transformed our understanding of the diversity of AMs, in particular because it has allowed the detection of AM fungi directly from environmental samples. There are (as at March 2009) >11 000 Glomeromycotan sequences assigned to ;950 distinct taxonomy identifiers in GenBank, only 96 of which are unambiguous species binomials. There are many sequences designated 'environmental' or 'uncultured' which, even allowing for duplication, suggests a high level of diversity not present in culture. This contrasts with the ;210 described morphospecies (http://www.lrz-muenchen. de/;schuessler/amphylo/amphylogeny.html). It is apparent that natural communities of AM fungi are biologically diverse, with large numbers of taxa present, whether identified from spores or from DNA. It is normal to find 20-30 taxa in a single habitat sample, and numbers exceeding 50 have been recorded (Bever et al., 1996; Ö pik et al., 2006 , which would be remarkable if there were indeed only 200 species in the phylum.
This taxonomic diversity appears to reflect functional diversity as well: although large numbers of plant-fungus combinations occur naturally or can be created experimentally, not all fungus-plant combinations behave similarly. In experimental studies, there is usually one or more optimal combination (at least as measured by plant performance), suggesting that either some fungi deliver more 'benefits' to their hosts than others or some may impose smaller costs than others. There is therefore abundant, potentially adaptive, phenotypic variation in the AM symbiosis. Most studies into fitness and survival of AM fungi, however, have been done in the context of the effect on the plant host, and test the phenotype of the mutualism-or even just the plant-rather than the fungus. Mycorrhiza-mediated changes in plant phenotype range from the 'big plant' and other physiological responses to alterations in phenology and plant morphology (Streitwolf-Engel et al., 1997; Sun et al., 2008) . Simply being mycorrhizal has the potential to alter plant phenotype, and potentially alter fitness.
The identity of AM genotype involved in the symbiosis can determine the outcome of interspecific competition among plant species, and because there is variation among fungi in their effect on the host, community-level interactions are likely to be complex. Helgason et al. (2007) showed that the AM community colonizing roots of the perennial woodland herb Ajuga reptans L. was significantly altered in field mesocosms treated with the fungicide benomyl. The AM genotypes that were most resilient to the fungicide treatment were culturable taxa with high host ranges. There is evidence too for a functional relationship: in a microcosm study, van der Heijden et al. (2003) showed clearly that plant species colonized with their 'preferred' AM species showed greater competitive ability, and variation in the growth of extraradical mycelium (ERM) in the preferred AM fungus has been shown to be a possible mechanism by which AM fungal communities may directly affect plant community structure (Oliveira et al., 2006) .
Variation in AM fungal effects on plant phenotype implies variation in fungal phenotype, but there are far fewer direct demonstrations of this. Nevertheless, it has been shown that AM isolates vary in their investment in ERM (Jakobsen et al., 1992; Avio et al., 2006; Oliveira et al., 2006; Leigh et al., 2009 ) and whether they form anastomoses or not, a trait that has so far only been identified in the genus Glomus (Giovannetti et al., 2001) .
Fitness differentials in plants, fungi, and mutualisms
The AM symbiosis is often assumed to be mutualistic: in other words, the fitness of both partners is greater in association than when growing independently. In the case of the fungi, this is demonstrably true, since they cannot apparently grow independently: the nearest that has been achieved is growth of a few taxa in vitro on transformed root cultures (Fortin et al., 2002) , and in association with bacteria (Hildebrandt et al., 2006) . However, it does not follow that fungal fitness is uniformly enhanced irrespective of the identity of the partners in the symbiosis.
In the case of the plants, the assumption of mutualism is less obviously true. It is certain that the plant partner can acquire a number of contributions from the fungus and it is easy from an anthropocentric perspective to see these as 'benefits'. The fitness of the plants is not necessarily related to these benefits: Jones and Smith (2004) review studies that have demonstrated lack of correlation between growth response and plant fitness. Indeed the primary P 'benefit' conferred by the AM association is not always additive, because some plants show little apparent growth response at all, due to an apparent shift from P acquired directly via root uptake to mycorrhiza-derived P (Smith et al., 2009) .
What these manifold changes show is that the physiology of the mycorrhizal plant is distinct from that of the uncolonized plant, but whether these effects are genuinely benefits depends on how a benefit can be defined: from the perspective of evolutionary biology, that must mean that the fitness of the mycorrhizal plant exceeds that of the nonmycorrhizal plant.
Despite a wealth of measurements of the impact of mycorrhizal colonization on fitness components of the plant partner, such as growth, survival, and seed production, and even more on the factors that underlie these, notably phosphate concentration and content, there have been few attempts to measure fitness itself, and even fewer in conditions that could be regarded as approximating those in which the partners in the symbiosis naturally occur (Allison, 2002) . Newsham et al. (1995) cultivated seedlings of the annual grass Vulpia ciliata ssp. ambigua (Le Gall) Stace & Auquier with and without inoculum of two fungi isolated from roots of the plant in its natural habitat: a Glomus sp. (BEG6) and the pathogen Fusarium oxysporum Schlecht. When transplanted back into a natural population, plants inoculated with the pathogen grew significantly worse than uninoculated controls, whereas those with the AM fungus were unaffected. Importantly, plants inoculated with both fungi also grew as well as the controls, demonstrating that the benefit received by the plants from the AM fungus was protection from the pathogen. In this annual grass, whose population dynamics were well characterized (Watkinson, 1990) , these results could be interpreted as a direct impact by the AM fungus on plant fitness.
What about fungal fitness? The obligate nature of the symbiosis for the fungus and our inability to culture them non-symbiotically has led to a tacit assumption that the fitness of the fungus in the symbiosis can be assessed from the fitness of the symbiosis itself. In other words, selection acts on the mycorrhizal phenotype and the critical fitness components are those of the plant. However, the fungus is an independent organism with an interestingly complex growth form. First, they exist in two distinct habitats, both inside roots and in the soil, where selection pressures will be quite different. Secondly, they exist as typically dispersed fungal mycelia in soil, possibly covering quite large distances and colonizing a large (but unknown) number of different roots, plants, and species. It follows, therefore, that while being symbiotic is essential for the fungus, both the range and identity of the plants with which it associates and the nature of the soil environment it inhabits may determine its fitness.
Unsurprisingly, AM fungi display substantial variation in life history and other fundamental biological characters. An early demonstration showed that three AM fungi, Glomus sp., Acaulospora laevis (Gerdemann & Trappe), and Scutellospora calospora (Nicol. & Gerd.) Walker & Sanders, had consistently different hyphal growth rates. This variation was also of functional significance to the plant, Trifolium subterraneum L., because the extent of hyphal spread predicted the eventual P inflow into the plant (Jakobsen et al., 1992) . Gavito and Olsson (2008) and others have confirmed the slow hyphal growth rate of S. calospora. Detecting differences among isolates in growth of the intraradical mycelium is more difficult, but Jansa et al. (2008) used real-time PCR to quantify internal colonization of three fungal isolates, singly and in a mixture, demonstrating that they vary in both intraradical proliferation and response to competition, and Mikkelsen et al. (2008) also found consistent differences in hyphal growth rates of two Glomus species. Production of vesicles, the lipid storage organs formed in the roots, has frequently been shown to vary among isolates: Leigh et al. (2009) (2003) found similar differences among three Glomus spp. and that the extent of production varied with host plant. AM fungi also respond to seasonal change: Merryweather and Fitter (1998) showed that the dominant colonizers of English bluebell Hyacinthoides non-scripta (L.) Chouard ex. Rothm. changed with season, and field studies now show that root colonization density is associated with periods of active growth of the host, and that as conditions become less favourable for root growth, the AM fungi switch to vesicle and/or spore production (Garcia and Mendoza, 2008; Liu et al., 2009) . Other studies show that there is also considerable functional variation in the mycorrhizal symbiosis, including in P input to plant hosts (Munkvold et al., 2004) and promotion of N uptake (Leigh et al., 2009) , suggesting that variation among AM fungi is likely to have an effect on the plant-fungus interaction.
The large functional differences that exist among AM fungi have led to the view that there is a continuum from mutualism to parasitism in the symbiosis (Johnson et al., 1997) and that some of the fungi will have evolved to cheat the plant partner, by taking up plant assimilate, but providing no benefits (P or otherwise) in return. The concept of cheating or 'exploitation' is well established in the literature on symbiosis (Kiers et al., 2003; Egger and Hibbett, 2004; Kiers and Denison, 2008) , and arises from a game-theoretical approach to the interaction. Since in a mutualism there must be both mutual benefits (the resources or protection that each obtains) and mutual costs (typically resources), a partner on one side of the mutualism that can make the exchange more asymmetrical than other potential partners will gain a fitness benefit and can be classed as a cheat. It is assumed that most mutualisms are open to cheating in this way and that some partners will be ineffective. The demonstration that Glomus macrocarpum (Tul. & Tul.) Gerd. & Trappe stunts growth of tobacco (Modjo and Hendrix, 1986 ) might be viewed as an extreme case of cheating, where the fungus has become a parasite.
The existence of cheats in a mutualism predicts the evolution of host sanctions and co-evolution for specificity (Kiers and van der Heijden, 2006) . It is therefore a striking feature of the AM symbiosis that, as far as is known, all AM fungi are non-specific, that is to say 'a fungus isolated from one species of host plant will colonise any other species that has been shown to be capable of forming arbuscular mycorrhizas' (Smith and Read, 2008, p. 35) . This is at first sight surprising and may of course be true but misleading, since by definition the argument can only apply to culturable fungi and there may be large numbers of unculturable (at least by current techniques) fungi that are in fact specific. It is known that AM fungi are functionally distinct and that some plant-fungus combinations have greater apparent fitness benefits, at least to the plant partner, than others (van der Heijden et al., 1998 Heijden et al., , 2003 . In these circumstances, it could be argued that plants would have evolved the ability to select 'preferred' partners and form specific associations with them. This does not seem to have happened: it may be that the mechanism that has been proposed by which plants supply carbon only to those fungi that are supplying P (and/or N) renders the evolution of specificity superfluous-plants do not supply carbon to fungi that are attempting to cheat. If this is so, then discussion about plant sanctions and the evolution of cheating may be otiose, and we need to focus on the biology of the individual organisms rather than on the symbiosis itself.
From the fungal standpoint, the evolution of specificity seems equally implausible. There is little obvious benefit to a fungus in restricting the range of root systems that it can colonize unless the supply of the root resource is predictable, and competition for that resource is low. That root systems are typically colonized by numerous AM fungi and have high turnover (i.e. individual roots are short lived) suggests that co-evolution is unlikely (but see Thompson, 2009 for a discussion on co-evolution in interacting webs). Increasingly, theoretical treatments investigating the effect of multispecies mutualisms on selection and fitness suggest that the existence of multiple partners on one side of the mutualism may result in insufficient fitness benefit for any one host-fungus pair to gain from co-evolution (Hoeksema and Bruna, 2000; Stanton, 2003) . This finding suggests that, if being mycorrhizal per se confers a fitness benefit to the plant host and the fungal partners do not differ greatly in functional effectiveness, the identity of the fungal partner may not be important. There may also be a disadvantage to the plant in restricting the pool of potential partners, a further barrier to the evolution of specificity. The mycoheterotrophs described above are the only known example of a high degree of specialism between AM fungi and their plant hosts. Mycoheterotroph mycorrhizas are highly unusual in that the plant is colonized by a single fungal taxon, but the association is evolutionarily recent, and the plants are tracking the evolution of the fungi (Mercx and Bidartondo, 2008) . In any case, this association is neither reciprocal nor a mutualism.
It is often implied that the non-random distribution of AM fungi among host plants is evidence that there is at least the potential for selection in favour of particular host plant-fungus pairs. For example, Vandenkoornhuyse et al. (2003) , who demonstrated almost complete non-coincidence of the AM fungal associations in the roots of three coexisting plant species, suggested that the result implied that 'plants and AM fungi recognize the diversity in their potential symbiotic partners'. However, there is no evidence, independent of the host plant response, that this disjunction in patterns of colonization improves fungal survival too. The AM fungi are rather unusual in this respect, because both partners are in contact with multiple species of the other simultaneously. Multispecies mutualisms are abundant in nature. Even the 'classic' co-evolved single-species mutualisms are more taxonomically diverse than was originally thought. The dinoflagellate symbionts of corals have been shown to be diverse (Rowan, 1998) , and the fungi cultivated by leaf cutter ants have been shown to have evolved more frequently and the symbiosis to be more diffuse than expected (Mikheyev et al., 2007) . The lichens, perhaps the closest taxonomic analogue to the AM symbiosis, are also taxonomically and functionally diverse: lichen-forming fungi have arisen in several fungal lineages (Gargas et al., 1995) , and there are at least 13 500 species (Hawksworth, 2001) . Taxonomic diversity of the lichen photobionts involved appears to be low, but they can be either eukaryote or prokaryotes, and sometimes both types simultaneously. In this case, as with the AM symbiosis, the external symbiont (here the fungus) is taxonomically diverse, and the internal one less so (DePriest, 2004) . A tantalizing parallel to the lichen symbiosis occurs within the Phylum Glomeromycota: Geosiphon pyriformis (Kü tzing) Wettstein emend. Schü ssler is a soil fungus that forms an association not with plant roots but with cyanobacteria of the genus Nostoc often also found in lichens. However, in all of the above examples, at least one partner (dinoflagellates, ant fungi, lichen photobionts) can only associate with one organism at a time, whatever the specificity or lack of it in the interaction. Mycorrhizal symbioses are unusual because both partners have multiple interconnected associations simultaneously (Fig. 2) .
It is unlikely therefore that the lifetime fitness of an individual AM genotype depends directly on the identity of only one host plant with which it forms the mycorrhizal phenotype. Field studies of AM communities have been carried out in temperate (Merryweather and Fitter, 1998; Helgason et al., 1999) , boreal (Ö pik et al., 2003 deBellis and Widden, 2006) , tropical African (Wubet et al., 2004 (Wubet et al., , 2006 , and tropical American woodlands (Husband, 2002; Aldrich-Wolfe, 2007) ; grasslands (Vandenkoornhuyse et al., 2003; Stukenbrock and Rosendahl, 2005b; SantosGonzalez et al., 2007) ; and in both wet (Wirsel, 2004; Nielsen et al., 2004) and dry (Sun et al., 2008) habitats. Analyses based on these studies are beginning to draw some very preliminary conclusions about AM biogeography Chaudhary et al., 2008; Rosendahl, 2008) . However, in all these cases the AM fungi were identified from colonized roots, and the distribution of the fungi has therefore been interpreted in the context of the plant community sampled, as was done in the study of the AM fungal community of a temperate deciduous woodland (Helgason et al., 2002) . The significance of sampling roots is that the effect of the environment on the AM fungi is inevitably confounded by host plant response. Plants often have marked responses to change in soil environments, and it is therefore challenging to unpick the direct response of an AM fungus to the environment from the indirect response mediated via the host plant. All the above field studies have identified locally abundant genotypes or spore morphotypes that are unique to that study. This pattern of abundance could easily be attributed to the unique properties of each host plant community, because so few host taxa are shared. Alternatively, these fungi could be strains that are adapted to the local soil environment. Only systematic surveys of AM biogeography and dispersal will determine which of these predominates, but it would be perverse to dismiss soil environment as a direct selective force on the AM mycelium .
Very few studies have focused on the direct effect of environmental selection on the AM fungus. Despite the significant advances made in molecular methods to detect AM fungi, doing so directly from soil mycelia has rarely been attempted on a large scale, and interpretation of the results may be problematic (Gamper et al., 2008) . Studies that demonstrate the potential for environment to affect AM growth and fitness are discussed below.
Heritability in the AM mutualism
Determining the heritability of phenotypic traits in the AM fungi is hugely complicated by their complex genetic structure. The genome organization and mechanisms of heritability and gene transfer are well understood in plants and many fungi, but this is not the case for the Glomeromycota. No sexual stages have been identified in the group, though there is increasing evidence that recombination has occurred in the past (Gandolfi et al., 2003; Croll and Sanders, 2009 ). Populations of AM fungi, however, retain much variation and when they reproduce (apparently asexually) they produce uniquely large spores that may contain several thousand nuclei. There is active debate as to whether the fungi are heterokaryotic (i.e. the nuclei are genetically different-which would raise the question as to how such differences are maintained in an asexual organism) or polyploid (i.e. the nuclei contain more than one allele of the variable genes). Evidence has in the past been contradictory: Kuhn et al. (2001) used in situ fluorescence and bioinformatics techniques to suggest that spores were heterokaryotic, but Pawlowska and Taylor (2004) suggested later that there was a high degree of polyploidy within individual nuclei. More recent evidence, using a variety of nuclear and mitochondrial markers, suggests that heterokaryosis is more likely (Croll et al., 2008a) , and that nuclei carrying these markers can be exchanged between compatible isolates via anastomosis (Croll et al., 2008b) . These studies have all been carried out on a single species, G. intraradices, suggesting that there is much to learn about the transfer of genes between generations of AM fungi.
If individual AM fungal mycelia retain substantial genetic diversity, the maintenance of this diversity remains a puzzle, as the extinction of nuclei containing deleterious mutants would predict the evolution of closely related but homogeneous genetic lineages. Young (2008) suggests that a nucleus that loses a part of the genome by deletion rather than mutation could gain a selective advantage by replicating more quickly, even though it lacked an essential function. In a coenocytic fungus where several nuclei can potentially contribute to gene expression locally, such a mechanism would result in a strong selective advantage for two or more small nuclear lineages that collectively remained fully functional, even though no nuclear lineage is actually functional. This will ultimately only be confirmed by sequencing individual nuclear genomes, which will soon be possible.
Importantly, the genetic variation that does exist within single isolates of these fungi has functional significance. Single isolates of G. mosseae (Nicol. & Gerd.) Gerd. & Trappe have been shown to vary in their ability to provide P to the host plant (Munkvold et al., 2004) . Koch et al. (2004 Koch et al. ( , 2006 made cultures from single spores of G. intraradices, all collected from a small area of a single Swiss field, and then showed that these isolates both grew very differently when cultured in a uniform transformed root culture and also caused very different growth responses (in one plant species but not another) in pot experiments. Subsequent work shows that isolates of this species carry different genotypes, express different phenotypes, and that anastomoses between them result in genetically mixed isolates with phenotypes different from that of either parent (Croll et al., 2008b) .
The formation of mycorrhizas is under genetic control: the fact that some families, notably the Brassicaceae, are unable to form mycorrhizas is at least strong circumstantial evidence for this statement, and the existence of nonmycorrhizal mutants of normally mycorrhizal plants confirms it. The gene expression underlying mycorrhization is partly characterized, and involves genes and pathways that are common to the rhizobial nodulation process (Marsh and Schultze, 2001; Parniske, 2008) . New tools are increasingly available, including mutants of normally mycorrhizal plants that cannot form functional mycorrhizas or are wholly non-mycorrhizal (Javot et al., 2007) . However, the extent to which fungal traits display heritability is largely unknown.
AM fungal responses to the environment
We argue in favour of a different view of the evolutionary biology of AM fungi. Although it should be obvious, it is emphasized that the fungus must be viewed as an organism with an extensive mycelium in soil, colonizing many roots. As with any other mycelial fungus, it acquires resources in numerous spatially dispersed locations, and moves them within the mycelium to fund growth at favoured locations, as shown by studies using labelled carbon sources (either 13 C or 14 C). These studies have often been interpreted as implying that the fungus is transferring carbon among plants with potential fitness consequences for the hosts (Simard and Durall, 2004) . However, it is now clear that this carbon almost always remains in fungal structures in roots (Jin et al., 2005) , and the apparent transfer is part of the fungal carbon economy, not a mechanism for directly modifying plant-plant interactions (Robinson and Fitter, 1998) .
The fungus acquires hexoses by supplying P locally, and there will be powerful selection to maximize its ability to do that; it is possible that AM fungi may have other mechanisms by which they can promote plant C flux to the site of colonization. Nevertheless, many of the selection pressures acting on the intraradical phase of the fungus will be invariant among plant species and over long periods of time. The bulk of the organism, however, exists in soil (Olsson et al., 1999; Olsson and Johansen, 2000) and will be subject to the spatially and temporally dynamic selection pressures of that environment: physical factors such as drought and temperature extremes; chemical factors such as pH, toxins, and nutrient availability; and biotic factors such as grazing by collembola and parasitism by chytrids. It should therefore be expected that much of the variation among AM fungal species and isolates would be associated with the adaptation of the external mycelium to this complex environment rather than to the identity of the plant host.
Recall that three conditions (variable phenotypes, fitness differential, and heritability, see above) must be satisfied for evolution by natural section to occur. It has been demonstrated already that there is the potential for selection in favour of the mycorrhizal phenotype. Yet it is almost inevitable that it will be the mycelial network that is under strong selection in these different environments. The extent to which this process is understood is very limited. Nevertheless, there is evidence for the response of mycelial phenotypes to different environments.
The most systematic, if inadvertent, selection study of AM fungi has probably been the creation and maintenance of AM cultures. AM fungi cannot be maintained without plant roots, and laboratory cultures are maintained by successive single spore culturing (Brundrett et al., 1999) . The primary trait under selection, therefore, is the regular formation of spores, and also rapid germination, growth, and colonization of roots, typically in warm, well-watered but poorly fertilized conditions. Culturing techniques have long accounted for the fact that isolates vary in the length of time taken to sporulate and the conditions that are required to promote it, e.g. successive repotting and drying of pots have both been shown to increase the likelihood that a taxon will sporulate. Spore formation and spore characters are at least partly heritable (Bever and Morton, 1999) though there is clearly great morphological variation, demonstrated by the distinct morphotypes originally named A. gerdemanni and G. leptotichum that on DNA sequence analysis were found to be synanamorphs of the same genotype (Morton et al., 1997) . It is therefore a trait that satisfies the conditions for demonstrating evolution by natural selection.
In field systems, a growth strategy based on rapid formation of large numbers of resting propagules is likely to be an adaptation to environments where the supply of nutrients, from both soil and the plant host, is disrupted. It could be predicted that the selection pressure in favour of spore formation is likely to be environmental, and not one directly related to a particular plant host. This is borne out by the fact that cultured AM fungi will typically colonize a wide range of taxa. Indeed, in habitats where both plants and favourable environmental conditions are ephemeral, fungal phenotypes able to colonize any encountered root will be at a selective advantage, and high levels of generalism would be predicted in such habitats. Agricultural, desert, and dune systems have all been found to have a high proportion of Glomus spp. that are known to form spores easily (Daniell et al., 2001; Stukenbrock and Rosendahl, 2005a; Liu et al., 2009) . Similarly, when a natural mycorrhizal community was disrupted by repeated application of fungicide, the resilient fungi that persisted and in some cases increased in abundance were all well-known, widespread, and culturable species of Glomus, such as G. intraradices, G. mosseae, and G. hoi (Helgason et al., 2007) Table 2 gives examples where the results of studies suggest that there may be selection in favour of AM fungi that are fitter in certain habitats. Three environmental variables: hypoxia (either direct or induced via waterlogging), pH, and temperature, and additional soil variables have been selected partly because there are studies available, and partly because these are environmental variables that affect all organisms in soils and are well studied. We discriminate where possible between direct effects on the fungus and effects that are mediated by plant carbon supply, emphasizing the former wherever possible.
Water and oxygen
Waterlogging, leading to hypoxia and anoxia, is a transient environmental condition in many soils and a persistent one in others. It is highly unlikely that AM fungi are able to respire anaerobically, so for most AM fungi one would predict that during short periods of hypoxia, the fungi will be adapted to survive and recover. The likely adaptive responses to transient anoxia are (i) for the ERM to be resistant, presumably by becoming effectively dormant, resuming active growth as the soil dries; or (ii) if the mycelium cannot survive, to recolonize the habitat either from spores or from the intraradical mycelium that may be able to survive on oxygen transmitted to the roots via aerenchyma. In cases of permanent anoxia, in marshes and mires, it is often held that mycorrhizas are absent. However, wetland species and even aquatic plants are colonized by AM fungi, and some genotypes in the aquatic systems are unique to those localities (Table 2) . Aquatic plants face the same problem of oxygen capture as plants in transiently waterlogged soils, and they achieve this by the formation of aerenchyma tissues that draw oxygen into the roots for aerobic respiration. For the fungi, however, this represents a severe selection pressure against a 'sit it out' strategy because the condition is permanent. It is possible that the AM fungi colonizing plants in these soils are gaining not only carbon from their host but oxygen too, scavenged from the tissues. It is unlikely, however, that a large ERM can survive in permanently anoxic soils, and a greater investment in intraradical colonization would be predicted. The question then becomes what the benefit is to the plant, if any, of being mycorrhizal in such a habitat. The functional properties of these fungi and how they survive is unknown, but the lack of ERM may not be fatal: the major role of the ERM is in acquiring phosphate, but in waterlogged soils, P diffusion rates will be much higher than in drier soils, so that it is likely that it is the other benefits of colonization that plants obtain in these circumstances. Certainly there is evidence for improved biomass accumulation by mycorrhizal aquatic plants (Andersen and Andersen, 2006) .
pH
Soil pH reflects the nutrients available in the soil, and directly regulates the availability of others through ion exchange processes. Many plant species are adapted to Gavito et al. (2003) particular pH optima, and pH is one of the main determinants of plant community composition, with large and characteristic differences between calcareous and acid soils. It is therefore unsurprising that AM fungal communities also change with soil pH, as has been demonstrated for both spore and intraradical AM communities (Wang et al., 1993) . This is not simply an effect on the AM community of a change in plant hosts: van Aarle et al. (2002) demonstrated that pH affected the growth of the fungal mycelium directly, and also showed variation in response among isolates.
Temperature
All organisms respond to temperature; AM fungi are no exception, both at the community level and among fungal species (Table 2) . Most laboratory experiments have been carried out in a temperature range typical for growth experiments, i.e. between 10/12°C and 20/25°C (Tibbett and Cairney, 2007) , and many show significantly reduced fungal function at the lower temperature ranges (Heinemeyer and Fitter, 2004) . AM fungi have nevertheless been identified in many habitats where the mean summer temperature will peak at the lower range, e.g. Arctic (Pietikäinen et al., 2007) and alpine (Ruotsalainen et al., 2002) habitats. Away from these extreme examples, in a temperate woodland, where winter soil temperature will not rise above 10°C, S. dipurpurescens Morton & Koske was found to be abundant in the English bluebell (H. non-scripta) during the winter months (Merryweather and Fitter, 1998; Helgason et al., 1999) . Despite nearly 200 attempts, this isolate proved impossible to bring into culture by standard techniques (Helgason et al., 2002) . The ecology of this isolate suggests that perhaps these attempts were made outside the temperature range of this fungus. Little experimentation has so far been carried out with many isolates in temperature ranges typical of large tracts of the globe (Table 2) . Nevertheless, the extent of phenotype variation for temperature tolerance suggests that soil temperature alone could exert a significant selection pressure on AM communities.
Conclusions
In this review, it has been demonstrated that AM fungi satisfy the three criteria that are required for natural (2007) selection to occur, although our understanding of the genetic system of these organisms is poor and experimental data on heritability are as yet limited. It is argued that the emphasis that has been placed in AM research on the interaction between plant and fungus has obscured the importance of the interaction between fungus and the soil environment that may play the major role in determining the diversity of these fungi. This position contrasts with the widely held view that the host is the dominant feature of the environment of an obligate symbiont: the AM symbiosis is unusual in that the bulk of the fungus is in the soil and not inside the host.
Interactions between plant and fungus are of two kinds. The first is the communication processes that result (or not) in the formation of the symbiosis, which has been well characterized and appears to be universal and to have deep phylogenetic roots. In subsequent evolutionary developments, other symbioses, both mutualistic (rhizobia) and parasitic (Striga), have taken advantage of the signalling system involved, and it has links with the plant's own hormonal signalling mechanisms. The second type of interaction is that between the intraradical mycelium, post-colonization, and the root cells, in which resources flow in both directions (C to the fungus, P to the plant), as well as other changes in plant and fungal physiology. A model has been proposed for the exchange of C and P that is parsimonious in being based on known physiology and is resistant to the invasion of the symbiosis by fungal cheats. The principal selection pressure on the fungus in this model will be to maintain the supply of phosphate to the arbuscules and to enhance the flux of C from shoot to root, possibly by interacting with plant signalling mechanisms.
It is likely therefore that selection on the plant-fungus interaction will be stabilizing and will not lead to great fungal diversity. In contrast, the selection pressures on the ERM can be shown to be responsible for a significant part of the diversity of AM fungi. Examples have been presented of studies where AM fungal responses to the external environment can be either demonstrated or inferred. A consequence of this emphasis on fungal response to the abiotic environment is that it would be expected for there to be substantial uncharacterized diversity in the Glomeromycota, since its members are globally distributed but poorly dispersed, and soil conditions vary greatly in time and space. The next step is to test how the mycorrhizal communities assembled from this diverse taxonomic pool regulate the function of ecosystems-an important task in a changing world. Finally, on the 150th anniversary of the publication of his most famous work, it is fitting to close with Darwin's closing statement, and to reflect that this is still true, and as important:
'There is grandeur in this view of life, with its several powers, having been originally breathed into a few forms or into one; and that, whilst this planet has gone cycling on according to the fixed law of gravity, from so simple a beginning endless forms most beautiful and most wonderful have been, and are being, evolved.' (Darwin, 1859) .
